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MeteorologyViking era laboratory experiments show that mixing tribocharged grains in a low pressure CO2 gas can form a
discharge that glows, indicating the presence of an excited electron population that persists over many seconds.
Based on these early experiments, it has been predicted that martian dust devils and storms may also contain a plasma
and new plasma chemical species as a result of dust grain tribo-charging. However, recent results from modeling sug-
gest a contrasting result: that a sustained electron discharge may not be easily established since the increase in gas
conductivity would act to short-out the local E-ﬁelds and quickly dissipate the charged grains driving the process.
In essence, the system was thought to be self-quenching (i.e., turn itself off). In this work, we attempt to reconcile
the difference between observation and model via new laboratory measurements. We conclude that in a Mars-like
low pressure CO2 atmosphere and expected E-ﬁelds, the electron current remains (for the most part) below the
expected driving tribo-electric dust currents (10 lA/m2), thereby making quenching unlikely.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).1. Introduction
There has been recent interest in electriﬁed dust devils and storms on Mars, and
the possible new electro-chemistry created in such features. Speciﬁcally, it has been
suggested that tribo-charging and mass stratiﬁcation of particulates in convective
martian features can create a large scale dipolar electric ﬁeld (Melnik and Parrot,
1998) like that observed in terrestrial dust devils (Farrell et al., 2004; Renno
et al., 2004; Delory et al., 2006; Jackson and Farrell, 2006). In a martian low pressure
CO2 gas, such E-ﬁelds can then enhance and energize the ambient electron popula-
tion via electron impact ionization, thereby creating an electron avalanche that
exponentially-grows in concentration under the inﬂuence of the driving E-ﬁeld.
Laboratory studies from the Viking era clearly demonstrate the ease of gas
breakdown (glow and ﬁlament discharges) when dust grains are mixed in a CO2
gas at Mars atmospheric pressure. Eden and Vonnegut (1973) and Mills (1977)
performed fundamental laboratory experiments mixing dust and sand in a low
pressure (Mars-like pressure) CO2 gas in order to understand the possible electrical
effect and new chemistry associated with contact electriﬁcation in Mars dust fea-
tures. These mixtures proved to be electrically very active, forming a diffuse glow
discharge and observable ﬁlamentary discharges of a few cm from the dust to the
walls of the chamber. Mills (1977) was so impressed with the electriﬁed glowing
dust activity that it was suggested the associated new electro-chemistry could
‘scavenge’ the surface of organics in the low pressure gas. These glow discharges
were sustainable and active enough to be viewed by the unaided eye.
Delory et al. (2006) modeled the stimulation of the electron avalanche process
and growth in electron density in a dust feature and found that for the formation of
a dipole electric ﬁelds above 15 kV/m, the mean free path for electron impact ion-
ization is less than a meter and substantial ionization can occur. These energized
electrons can then interact with CO2 and H2O, via dissociative attachment creating
CO, O, OH, and H. The dust devil-created CO and OH interactions are then sus-
pected to generate hydrogen peroxide at concentrations well above those predicted
via photochemistry (Atreya et al., 2006). The energetic electrons in the avalanchealso can possibly create methane loss via dissociative attachment (Farrell et al.,
2006).
The electron avalanche process including dust/electron absorption losses and
the active conversion to O via electron dissociative attachment have been the fo-
cus of several later modeling studies (Jackson et al., 2008, 2010; Kok and Renno,
2009). All of these models indicate that electron avalanche processes could develop,
leading to electron impact excitation and new chemical products. However, each
varied in the degree and effect of the electron impact ionization process. Delory
et al. (2006) and Atreya et al. (2006) predicted an electron avalanche and plasma
content that had values below 1 part in 100 billion. Kok and Renno (2009) sug-
gested that the activity could be less substantial when including grain charge dissi-
pation effects. Jackson et al. (2010) found that the ﬁnal equilibrium values for the
plasma (electrons, O, CO2+) depend upon the assumed saturation process, and
found in the optimistic case to be 1 part in 10,000, and in the least ideal case to
be 1 part in 10 billion. In summary, these models all uniformly suggest the electron
avalanche and ionization process is very mild, producing ions at concentrations
1% of atmospheric gas densities.
Kok and Renno (2009) suggested an intriguing scenario that we further investi-
gate herein: That the creation of the plasma via electron avalanche increases the
atmospheric conductivity in the system which has two remediative effects: (1)
Quickly dissipate the original charge on the grains since Q = Qo exp(rt/eo), and (2)
reduce or short-out the driving E-ﬁeld. They effectively suggest that the increase
in plasma currents, which also increase conductivity, ‘quenches’ the electriﬁcation
process making plasma generation unsustainable. However, this hypothesis
appears incompatible with the Viking era experiments by Eden and Vonnegut
(1973) and Mills (1977) of a sustained electriﬁed ‘glow’ in the mixing dust.
Electrical activity was also reported in later tribo-electriﬁcation experiments in a
low pressure CO2 gas (Krauss et al., 2003, 2006).
Using new laboratory measurements, we demonstrate herein that in relatively
low E-ﬁelds like that described in Delory et al. (2006), the gas is undergoing a
Townsend discharge that is of relatively low current. As such, quenching is unlikely.
We also demonstrate that dust grains in the electron current indeed dissipate
charge but settle at a non-zero equilibrium value, i.e., the lofted dust does not com-
pletely lose their negative charge thereby reinforcing the driving E-ﬁeld.
Fig. 2. The (a) current and (b) effective electron conductivity as a function of E-ﬁeld
for plate separations (from left to right in the ﬁgure) of 60, 40, 20, and 8 mm. The
dotted line indicates an approximate estimate of the charging current in a dust devil
(10 lA/m2 or 0.14 lA in our system). The different current regimes (nominal,
Townsend, and spark) are delineated.
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In order to quantify the atmospheric currents generated under a driving E-ﬁeld
in a low pressure CO2 gas, we preformed a systematic laboratory study of the break-
down process. As described previously (see Jackson et al., 2010 and references
therein), the triboelectric process in dust devils tends to charge smaller dust
(<20 lm) negative but leave larger sand grains (100 lm) and the surface positive
(Forward et al., 2009). Analogous to terrestrial thunderstorms (Volland, 1984), ver-
tical winds are the agent in the storm that transport and separate the charged
grains, lofting the negatively charged light dust to high altitudes relative to the lar-
ger sand grains and the surface. In terrestrial dust devils, large E-ﬁelds have been
reported to develop by this electrical generation process. (Farrell et al., 2004;
Renno et al., 2004; Delory et al., 2006; Jackson and Farrell, 2006). In a simpliﬁed
description, the charge concentration centers in the convective feature can be
thought of as an imperfect charged capacitor plate containing Q at high altitudes
and +Q at the surface, and having a tribo-electric generated E-ﬁeld between the
plates (i.e., behaves like a dipole and can be sensed externally from the feature).
In the lab, these analogous charge centers are formed by a parallel plate capacitor.
In the terrestrial atmosphere (N2 dominant species at 760 Torr), the E-ﬁelds cre-
ated by the terrestrial dust devils are not large enough to initiate breakdown.
However, if one moved this same triboelectric generator to a low pressure CO2
gas, previous studies suggest the electrons and ions are drawn directly from the
low pressure atmosphere (Llewellyn-Jones, 1966; Eden and Vonnegut, 1973;
Mills, 1977; Krauss et al., 2006). To simulate this effect in the laboratory, the elec-
trostatic plate system has been placed in a CO2-rich environment at low pressure to
simulate the conditions on the surface of Mars.
Fig. 1 shows inside the chamber containing the parallel plates where the E-ﬁeld
is generated. The test chamber is built by Kurt J. Lesker Co. (http://www.lesker.com)
and is used by NASA/Goddard’s Suprathermal Particle Laboratory to test ion and
electron spectrometers and neutral gas systems. The chamber has the ability to
maintain vacuum to 108 Torr but in our Mars applications that level of vacuum
is not required. All experiments are run for a CO2 gas a 5 Torr. Ambient air is
removed to a level of 0.1 Torr and then ultra-high purity grade CO2 gas is leaked
into the chamber to obtain an ultimate pressure of 5 Torr.
Two circular parallel plates of 7 cm radius form the capacitor that can be sepa-
rated from 0.1 cm to >10 cm via an computer-controlled manipulator, allowing
plate separation, d, to be set without having to break vacuum. A UV photo-diode
is used to stimulate a low level of electron emission to initiate the electron ava-
lanche (which is common practice; see Llewellyn-Jones, 1966). A voltage drop
across a resistor in series with the plate capacitor provides an indication of the
plate-created atmospheric current. Due to E-ﬁeld deformation along the edges of
the parallel plates, we did not allow the plate separation, d, to exceed the plate
diameter of 14 cm.
The system also has a VLF radio and external camera system. The radio output
drives the audio input to a camcorder, allowing simultaneous recording of radio
emission from spark discharges. As we describe below, RF activity is observed near
the transition from Townsend discharge to spark discharge.
3. Results
Fig. 2 shows a plot of measured (a) current and (b) equivalent electron conduc-
tivity as a function of driving E-ﬁeld between the plates. The value of E is V/d, where
V is the voltage applied to the plates from a high voltage power supply and d is the
plate separation. We make special note that the effective conductivity shown in (b)
is Je/E. At relatively small E values, the effective conductivity is the ambient (bulk)
isotropic conductivity, r = Je/E. However, as E increases, the electron avalanche ini-
tiates an exponential growth in electron density and electron drift speeds increase,
the avalanche current becomes directional along E, and the conductivity is then thatFig. 1. The two plates in the test chamber, with the photodiode board assembly
located to the left.of the rzz element in the conductivity tensor. This increase in E ﬁeld-aligned elec-
tron conductivity creates a subtle but important effect in applications to grain
charging: Past studies have viewed the electron avalanche as an effective increase
in bulk conductivity, but it is actually an electron beam ﬂowing along the E
direction.
As evident in Fig. 2, there are three separate current regimes: (1) For E-ﬁelds be-
low about 25 kV/m, the current varies linearly with E-ﬁeld, J = rE, behaving like a
nominal atmosphere of conductivity near 1012 S/m. This value is similar to those
assumed in models but, until this work, has remained an ill-deﬁned quantity (see
Zhai et al., 2006 and discussion therein). This intrinsic conductivity is a function
of the ionization from the photo-diode. We note that there is a variation in this
intrinsic conductivity, with values at 8 mm and 20 mm systematically shifted to
progressively lower values as compared to the 40 mm and 60 mm values (the latter
two nearly overlapping at 3  1012 S/m for E < 20 kV/m). This downshift at smal-
ler d values is likely related to the shadowing of the photodiode emission by the top
plate on the gas and along the electron-producing bottom plate (i.e., partial shad-
owing by the plates themselves). (2) Between 25 and 100 kV/m and for currents be-
low 1 lA, the gas is undergoing an electron avalanche process, where the electron
density is exponentially increasing with driving E-ﬁeld. This portion of the curve is
commonly called the ‘Townsend’ discharge, with the atmospheric conductivity
increasing exponentially with E. This ‘dark’ discharge, having no obvious illumina-
tion, occurs preceding a spark discharge (Llewellyn-Jones, 1966). In the electron
avalanche, the electron density increases as
n ¼ no expðaðEÞdÞ; ð1Þ
where
aðEÞ ¼ ao expðEo=EÞ: ð2Þ
The quantities ao and Eo for a low pressure CO2 gas can be derived (Jackson et al.,
2008; Jackson et al., 2010) or found in texts on the subject (e.g., Table 6.1 in
Brown, 1966). Townsend’s ﬁrst coefﬁcient, a, deﬁnes the electron avalanche process
and represents the number of electron impact ionizations per unit length. The elec-
tron conductivity in Fig. 2b is no longer directly proportional to E in the Townsend
discharge regime, but instead displays the obvious exponential increase with E
(i.e., the effective conductivity along E is now
r  no expðaðEÞdÞel; ð3Þ
where l is the electron mobility. The ions, on the other hand, are not as easily accel-
erated along E, with their relative drift speeds in proportion to their mass.
Fig. 3. Discharges near the spark threshold, with (a) being isolated individual RF
events detected for V < Vspark and (b) being the steady oscillation when V > Vspark.
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distance, d), the currents make an abrupt increase by over a factor of 100, to initiate
an observable spark discharge in the chamber. These discharges typically are found
with currents exceeding 0.1 mA, and the increase or jump in current at the thresh-
old E is nearly a factor of 100 (note the clear ‘gap’ in measurement values from 105
to 103 A levels, from ‘Townsend’ to ‘spark’ discharges, in Fig. 2a). We should note
that the term ‘spark’ discharge is a misnomer: Even at currents at 10’s of lA in be-
tween the plates, the electron density is still very low, near 1 part in 1–10 billion of
the neutral gas density. Hence the gas is very weakly ionized. As such, this is not a
ﬁlamentary discharge in the same sense of terrestrial lightning, where the gas is
very hot and 100% ionized.
Fig. 3 shows waveform observations from the radio, for plate separation of
d = 8 mm. At small E-ﬁeld values, there was no detected RF. However, as the inter-
plate E-ﬁeld approached the spark discharge threshold (130 kV/m), RF emission
in the formof isolated individual bipolar pulses of 1 msduration began to appear, just
before the initiation of the spark discharge (Fig. 3a). Thesewere quasi-randomevents.
This emission is analogous to the discharges reported previously by Krauss et al.
(2003) where many discharges per second were detected in mixing grains in a
Mars-like atmosphere. However, after the passage into the spark regime (i.e., optical
glow), the waveform appeared as a set of continual, equally spaced pulses (Fig. 3b).
The RF appeared as if to come from an oscillator that emits a repeatable bipolar pulse.
We note that the initiation of RF emission occurred when E-ﬁeld values approached
the ‘spark’ criteria (E  130 kV/m for d = 8 mm and E  35 kV/m for d = 60 mm).
Although the RF emission is a new observation, the current and optical glow
behavior of the Townsend discharge has been described previously (Llewellyn-
Jones, 1966; Brown, 1966). Speciﬁcally, the electrons in the low pressure gas under-
go acceleration in the E-ﬁeld, and progressively create more electrons via electron
impact ionization. The process forms an electron avalanche between the plates
and is exponentially dependent on Townsend’s ﬁrst coefﬁcient, a. Thus, at E-ﬁeld
values below the spark voltage, the Townsend current between the plates grows as
I  Io expðaðEÞdÞ; ð4Þ
where a(E) is again deﬁned by Eq. (2).
However, the system also has secondary electrons emitted from electron-plate
interactions or created by anomalous ionization in the gas. As described in
Llewellyn-Jones (1966) these secondary electrons also undergo acceleration by the
driving E-ﬁeld. Thus, the total electron content in the system is equal to the primary
and secondary electrons created in the gas, n = np(E) + S(E)n, where n is the totaldensity, np(E) is the exponentially growing primary portion of the electrons
(exp(ad)), and S(E)n are the secondary electrons generated from the total electrons
present, with S being a secondary electron generation function that is dependent
upon E. Like any electrical system with feedback, the total electron density, n, then
becomes n = np/(1  S). Thus, without secondary electrons (i.e., S = 0) the system
would simply grow exponentially. However, when the value of S approaches unity,
the electron density can jump to large values. The denominator is thus called the
‘spark condition’ (Llewellyn-Jones, 1966). Secondary electrons are required to initi-
ate the transition to a glowing state. More speciﬁcally, the current can be expressed
as
I ¼ Io expðaðEÞdÞ=D; ð5Þ
with denominator D being the ‘spark condition’ formally expressed as (Llewellyn-
Jones, 1966; Brown, 1966):
D ¼ 1 cðexpðaðEÞdÞ  1Þ; ð6Þ
where the variable c represents the ratio of secondary-to-primary electrons created
per unit length. There are numerous sources for secondary electrons, including cos-
mic rays. The values of c are thus dependent on the environment but values c < 0.01
are typical (Llewellyn-Jones, 1966).
4. A self-quenching system?
From these simple laboratory examinations, we ﬁnd the following:
(1) The current density associated with the Townsend discharge is (mostly)
small compared to the expected tribo-electric charging current density in dust dev-
ils, and thus do not act to short out or ‘quench’ the driving E-ﬁeld. Dust devil up-
ward ﬂux transport is nominally 103 kg/m2 s (Balme and Greeley, 2006) which
corresponds to a charged dust current density of Jc  105 A/m2 assuming 5 lm
grains charged to 5 fC (or 1 fC per micron in size as in Melnik and Parrot,
1998). This driving tribo-charging current from dust transport, Jc, (dashed line in
Fig. 2a) is the electrical generator creating the charge separation and dust devil
macroscopic E-ﬁeld. We note that is approximate, assuming all grains are charged,
and that there can be wide variations of dust devil charging currents about this
dashed line. However, further in situ investigations are required to establish that
variation.
We do not expect the current from the electron avalanche to exceed the driving
dust charging current (i.e., Je 6 Jc) since the E-ﬁeld creating the responding Je origi-
nates from Jc. However, as the electron avalanche transitions into larger Townsend
currents, Je can approach Jc. In this large Je case, the environmental E-ﬁeld will slow
or cease its growth:
eodE=dt ¼ Jc þ Je ¼ ndustqdustvdust þ noeaðEÞdelE  0: ð7Þ
In essence, the electrical system approaches an equilibrium E-ﬁeld that is estab-
lished to maintain current balance (in Fig. 2a, the equilibrium is where curves of Je
meet the dotted Jc line) which represents the bounding upper limit of the electron
avalanche current, Je. The system still will not be ‘shorted out’ or quenched, but in-
stead will persist near the equilibrium value. A similar result was derived via mod-
eling by Zhai et al. (2006) (see their Eq. (10)), only they applied bulk conductivity
(r) rather than applying the modiﬁed conductivity along E from the electron ava-
lanche (rzz  noea(E)del).
(2) In a real dust devil, there also may be localized inhomogeneities or ‘bunches’
of enhanced charged dust that may locally increase the driving current, Jc, by a fac-
tor of 10 which then allows larger values of electron avalanche currents, Je, to exist.
For example, in Eden and Vonnegut (1973), Mills (1977), and Krauss et al. (2003,
2006), the dust density and collisions were so vigorous, that locally, the tribo-
electric charging currents, Jc, is hypothesized to have exceeded mA/m2 levels, to
allow the initiation of a spark discharge (which appeared as their reported
persistent glowing discharge).
(3) Tribocharged dust does indeed dissipate, as suggested by Kok and Renno
(2009), but in an electron beam deﬁned by Je, the dust does not come to equilibrium
with all of its charge fully removed. Instead the grains develop an equilibrium
charge that is negative, consistent with being in the electron (avalanche) beam.
We can express the electron and ion ﬂux to the surface of a grain as (Goertz, 1989)
dqd=dt  JeAg expðqd=CTeÞ þ JiAgð1 qd=CTiÞ; ð8Þ
where Je and Ji are the electron and ion current densities created in the electron im-
pact ionization process, C is the grain capacitance, and Ag is the area of the grain. The
value of Ti is effectively the ambient temperature of the gas (0.02 eV), since that ther-
mal velocity ﬂux to the surface exceeds its very slow drift. In contrast, under the
inﬂuence of an E-ﬁeld, the electron temperature, Te, is inﬂated due to an increase
in randomization via the greater number of electron/molecule interactions per unit
time in the faster ﬂow. Consequently, the electron temperature can be 0.5–1 eV
(Nighan, 1970). The current Je Ji due to the differing drift speeds of the two species
under the inﬂuence of E (which is mass dependent). The exponential term control-
ling Je thus ensures equal current ﬂux to the grain in equilibrium by reducing
Je via an equilibrium negative potential on the grain. Fig. 4 shows a model of the
evolution of dust charge, qd, as a function of time immediately following a 5 fC
Fig. 4. The potential of a grain in the Townsend discharge, dominated by an
electron beam in the electron avalanche. The grain radius is 5 lm, the electron
avalanche current is 10 lA/m2 and the ion current is 0.1 nA/m2.
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the grain reaches an equilibrium value near 5.7 V in about 200 s, and will remain
negative as long as it remains within the beam. It retains about 57% of its original
charge (2.8 fC of its original 5 fC). As such, the tribo-charged grains do not fully
dissipate their charge back into the atmosphere, but instead retain a large portion
for long times as they move vertically upward in the dust devil, thereby self-fortify-
ing the charge generating system. We note that the long dissipations times relate to
the fact that the negative tribo-charged grain is dissipating effectively in an electron-
rich current system, where environmental ion currents needed for dissipation are
small. We recognize that the calculation above is a single-grain example, and a more
thorough parameter study is needed to consider a larger range of grain sizes and ini-
tial potentials. However, our primary conclusion of a non-zero dust grain charge
equilibrium value is robust (by simply solving Eq. (8) for dqd/dt  0). A case was also
simulated where a 5 lm grain is initially uncharged (qd = 0 at t = 0) and exposed to
identical currents as in Fig. 4. We ﬁnd such a grain immersed in the electron ava-
lanche will reach the same equilibrium charge state as in Fig. 4 (qd  2.8 fC at
t > 200 s), only now starting from (qd = 0 at t = 0).
(4) While the transition to a spark discharge is evident by an abrupt increase in
the current at a speciﬁc E-ﬁeld value, that spark discharge current appears to be
inherently oscillatory (i.e., unstable). While not visible in the optical, with the inclu-
sion of additional RF observations, the spark discharge is strongly modulated and
the system behaves similar to an electrical oscillator, with the RF emissions consis-
tent with strong positive feedback (i.e., the strong oscillatory feedback of an audi-
torium speaker system, etc.). This observation was unanticipated. We suspected
that the abrupt change in current at the Townsend-to-spark transition might give
rise to a RF impulse given a strong dI/dt at that transition (similar to the observation
in Krauss et al., 2006). However, we did not expect the system to continue to
repeatedly emit periodic pulses when in a spark state (i.e., when voltage between
the plates, V, exceeded Vspark). Given the description presented in Llewellyn-Jones
(1966), the repetition of the RF pulse becomes more obvious as a system in positive
feedback. As such, the suggestion of Kok and Renno (2009) of a self-quenching sys-
temmost likely applies here. Speciﬁcally, the abrupt increase in electrons generated
at the transition to the spark discharge can themselves set up a polarizing E-ﬁeld
perturbation between the plates that temporarily decreases the driving E-ﬁeld,
thereby taking the system out of the ‘spark’ condition. However, the system quickly
builds back up to the spark E-ﬁeld, but then creates enhanced ionization to again
create an offsetting polarization E perturbation. This process then creates the oscil-
lation detected as nearly equally spaced bipolar pulses. This process, occurring time
scales of 800 ls, is not resolved visibly in the glow itself. While this positive feed-
back occurred in the lab, it remains unclear if it occurs in nature since conditions
might be such that the feedback path is not as effective or efﬁcient as replicated
in the ‘ideal’ laboratory environment.
5. Conclusions
The accuracy of the measurements shown in Fig. 2 is quantiﬁable. To derive cur-
rent across the plates, we measured the voltage drop across a 1 MX resistor in ser-
ies with the plate capacitors. If no current is ‘pulled’ from the gas between the
plates, no voltage drop is registered across this 1 MX resistor. Using a voltmeter
we measured this voltage drop to an accurate resolution of better than 10% above
1 mV and at 10% from 0.1 to 1 mV providing a low end current sensitivity of
<1010 A across the plates (see y-axis of Fig. 2a). The voltmeter uses a sensing resis-
tor of 10 MX, ensuring that it does not draw substantial current from the primary
current-sensing 1 MX resistor.
A hidden assumption built into all the models to date and even this laboratory
experiment is that the dust devils on Mars, like at Earth, are initially tribo-charing ina relatively low conductivity environment (<1011 S/m). In this case, E will grow in
time to stimulate an associated electron avalanche that is strong enough to eventu-
ally form current balance with the tribo-electric source current as in Eq. (7). As de-
scribed in Zhai et al. (2006), E will evolve in time and then settle near some
Emax 0 when dE/dt approaches 0. However, if the intrinsic atmospheric
conductivity of Mars is very large (>107 S/m), then there is enough resident space
charge in the atmosphere without the need for the added pre-breakdown
Townsend discharge (i.e., no electron avalanche). In this case, current balance is
ndustqvdust + rE = 0 which can be achieved in relatively low E-ﬁelds, making Emax
small and dE/dt = 0. Thus, the value of the equilibrium E is a strong function of
intrinsic atmospheric conductivity, which has yet to be measured for Mars. In some
sense, this situation could be considered a ‘nominal’ atmospheric current system,
since J and E still vary in direct proportion with r, but r is simply uniformly large.
Because of the size limitation of the chamber, we cannot simulate the d = 0.5-m
electron avalanche modeled previously by Delory et al. (2006). However, the 4 cases
examined in the laboratory allow us to scale the transition point from ‘nominal’ to
electron avalanche (Townsend) currents. Speciﬁcally, from Fig. 2b, we ﬁnd that each
of the currents are in the early Townsend discharge regime for a conductivity at
1011 S/m. At this conductivity, the E-ﬁeld is near 110, 70, 50, and 32 kV/m for plate
separations of 8, 20, 40, and 60 mm, respectively. Their relationship is nearly linear
in log–log space and a functional relationship is obtained. Applying this relationship
now to d = 500 mm, we ﬁnd the transition to an electron avalanche is scaled to near
10 kV/m, consistent with Fig. 4 of Delory et al. (2006).
We examine the nature of the breakdown and initiation of a spark discharge in a
low pressure CO2 gas, like that at Mars. There are numerous pioneering studies of
this gas discharge process, but we now add new capabilities in the current exami-
nation, like RF and electrometry. We also focus on the transition from a dark
Townsend discharge to the glow-like spark discharge in order to understand the
nature of the discharge and to predict current levels associated with Townsend dis-
charge conditions suspected to be occurring at Mars.
We ﬁnd that the current densities generated in the Townsend discharge are not
capable of short-circuiting a tribo-charging dust devil (having charging currents at
Jc  10 lA/m2). For themostpart, the currents in theelectronavalanchewill remainbe-
low Jc. However, as the E-ﬁeld increases, Jewill becomecomparable to Jc and indoing so
will limit the E-ﬁeld growth, dE/dt, (but not shut itself off or quench).
Our results are consistent with previous dust charging lab studies in a low pres-
sure CO2 gas where a substantial and sustained glow discharge was reported, with
no apparent electrical ‘self-quenching’ (Eden and Vonnegut, 1973; Mills, 1977). In
these cases, we hypothesize that Jc may be even larger than values expected in a
dust devil, thereby allowing Je to increase in value beyond the Townsend discharge
and on into the spark (glow) regime. For example, Krauss et al. (2003) detected
numerous discharges per second in a laboratory system where grains were liberally
mixed in a low pressure CO2 atmosphere, suggesting that there were locally large Jc
values in the clumpy grain mixture exceeding the spark criteria. The study pre-
sented herein of Townsend and spark current levels likely reconciles the ongoing
difference regarding sustainability of the atmospheric electriﬁcation in a low pres-
sure CO2 atmosphere.
We note that RF emission is possible in the low pressure CO2 gas, which has
been a contentious observational issue for Mars dust storms. However, this emis-
sion occurs only in environments where the E-ﬁelds are near spark discharge levels.
Speciﬁcally, a signiﬁcant source of secondary electrons is required to create the
needed feedback for the impulsive jump from Townsend-to-spark discharges. At
sub-spark E-ﬁelds (in the Townsend regime), the electron avalanche forms
enhanced exponentially growing currents and non-thermal electron conductivities
along E, but without stimulating RF emission. As such, Mars dust storms could be
operating in the Townsend regime, generating enhanced electricity, but not RF
emitting (or emitting only in extreme cases). Such a Townsend-like dust storm
would likely go undetected by an orbiting, sensitive RF system like that on Mars
Express (Gurnett et al., 2010). The landed E-ﬁeld system onboard Schiaparelli, called
Atmospheric Radiation and Electricity Sensor (MicroARES), could provide further
insights on a Townsend vs spark Mars dust feature. Speciﬁcally, if a dust feature
passes in the vicinity of the lander and possesses both a large-scale quasi-DC
signature & RF impulsive emission, then the feature is likely operating near or at
the spark regime. However, if there is a substantial quasi-DC signature with no
RF emissions then it may be operating electrically in the lower-current Townsend
regime.
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